
Prediction of Electron Beam Welding 
Spiking Tendency 

Given the distance (H) between force balance and 
cavity bottom, and weld penetration depth (h), no 

spiking occurs when H/h < 0.3, some spiking is evident 
when H/h — 0.5 and spiking is severe when H/h > 0.8 

BY D. A. SCHAUER AND W. H. CIEDT 

ABSTRACT. On the basis of measured 
temperature distributions in electron 
beam welding cavities, it is shown that 
the vapor pressure force dominates in 
the lower region and the surface 
tension in the upper region. The 
region where these two forces are 
approximately equal is unstable, and 
the surface tension force causes 
inward f low of l iquid metal which 
tends to form a projection. For a 
specific material this projection loca
tion was found to depend on cavity 
depth. 

By postulating that the formation of 
liquid metal projections at this loca
tion results in cavity instabilities, a 
physical model for predicting when 
spiking would occur was purposed. A 
procedure then developed for deter
mining the spiking tendency for a 
specified material and set of weld 
parameters is described. 

Introduction 

In order to use an electron beam for 
welding purposes, it must be focused 
at or near the workpiece surface. Due 
to imperfect electron optics during 
focusing, the beam current distribu
tion distorts gradually as the degree of 
focusing is increased. 

It can be readily appreciated that a 
beam which focuses to an elongated 
spot would have different fusion zone 
features depending on the direction of 
the weld pass. It can also be expected 
that smaller and more concentrated 
beams wil l produce larger depth to 
width ratios. It might then be con
cluded that the best welding beam is a 
small and highly concentrated 
one—that is, one of high power 

concentration. However, it has been 
observed that this is the condit ion 
which is conducive to the formation of 
welding defects such as porosity, cold 
shuts, or spiking. 

A spike is a sudden increase in pene
tration beyond what might be called 
the average penetration line. Many 
spikes have voids in their lower 
portions because molten metal does 
not fill in completely. Also, in some 
cases the molten metal wi l l fill a spike 
but wil l not fuse to the sides of the 
hole, producing a condit ion similar to 
a cold shut in a casting. These cold 
shuts seriously reduce the strength of 
the weld at the root. They are quite 
difficult to f ind by radiography but can 
usually be detected by ultrasonic 
inspection. 

It has been suggested1 that spiking is 
inherent in the hole boring mode of 
electron beam welding and cannot be 
eliminated by any parameter adjust
ment on commercially available ma
chines wi thout sacrificing penetration. 
This point is, however, contradicted by 
extensive experimental evidence 
showing essentially, stable beam pen
etration. 

A detailed physical model of the 
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electron beam interaction with the 
material being welded is lacking. 
However, the most reasonable current 
interpretation is that the metal vapor 
pressure maintains an open cavity 
surrounded by liquid metal which 
periodically flows into the cavity due 
to the liquid hydrostatic head as the 
surface tension of the l iquid metal 
tends to constrict the cavity. It has 
been estimated that in order to 
achieve significant cavity penetration, 
the surface temperature at the base of 
the cavity must be such that the local 
vapor pressure is greater than the sum 
of the constriction forces due to 
surface tension and the hydrostatic 
head. 

For a 1.25 mm (0.049 in.) diameter 
electron beam cavity in aluminum 
with a base radius of curvature of 0.62 
mm (0.024 in.) the required vapor pres
sure is about 27 torr (3600 Pa) which 
corresponds to a surface temperature 
of about 1900 C (3452 F).- If the cavity 
dynamics depend on the vapor pres
sure, then an increase in temperature 
of only a few hundred degrees could 
produce a high local pressure that 
might also lead to momentarily deeper 
penetration (spiking phenomena). 

Analytical models-'-1 of the electron 
beam weld process or thermocouples' 
allow temperatures to be determined 
in the vicinity of the weld region. 
However, none of these analytical or 
experimental methods allow accurate 
calculation of temperatures at the 
surface of the molten metal which 
would allow one to determine the 
vapor pressure. Therefore, an experi
mental program was initiated to deter
mine the local molten metal tempera
ture in the weld cavity. The method 
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developed and results obtained are 
described in the literature.5 

Calculation of distributions of forces 
in weld cavities on the basis of the 
measured temperature distributions 
indicated that the vapor pressure force 
dominated in the lower region and the 
surface tension in the upper. The anal
ysis leading to this result is presented 
in this paper. How this then led to an 
interpretation of spiking is also de
scribed. 

Forces Acting in an EB We ld 
Cavity 

Cavity Force Relationships 

It is generally agreed that vapor 
pressure plays a very important role in 
maintaining a cavity during electron 
beam welding. However, a very impor
tant additional force trying to close the 
cavity is due to the surface tension. 
During welding the cavity is assumed 
to resemble a deep and narrow 
depression with liquid walls. The 
surface tension action of the liquid 
walls tends to constrict the radial size 
and depth of the cavity. Therefore, the 
magnitude of the metal vapor pressure 
in the cavity must be sufficient to 
overcome both the constricting force 
due to surface tension and the fi l l ing 
force due to the hydrostatic head. The 
surface temperature of the l iquid 
metal in the EB welding cavity wi l l 
determine the magnitude of the metal 
vapor pressure. 

Several investigations of EB welding 
have indicated that the shape of the 
cavity oscillated wi th time."-7-8 The 
frequency of these oscillations has 
been related to the forces acting in the 
cavity. Appropriate estimates can be 
made for the magnitudes for the vari

ous forces in the cavity during the EB 
welding process if a quasi-steady-state 
condit ion is assumed. This assumption 
is valid if t ime averaged values are 
assumed for surface temperatures in 
the welding cavity and consequently 
the vapor pressure. 

It is reasonable to assume that the 
cavity shape during welding wil l look 
very similar to that defined by the 
fusion line observed in a weld cross 
section. For very deep welds the shape 
is similar to that of a triangle wi th a 
circular radius at the bot tom' of the 
cavity. Rotating this shape about the 
vertical axis results in a cone wi th a 
spherical radius at the apex. Wi th this 
assumed shape an appropriate force 
balance can be made in the welding 
cavity, 

Figure 1 illustrates the various forces 
acting. A force balance at the cavity 
bottom involving the surface tension, 
vapor pressure, and l iquid hydrostatic 
head on a very thin l iquid surface layer 
can be arrived at by considering the 
geometry and the forces in Fig. 2. 
Assuming the base to be at a uniform 
temperature, and thus having a uni
form vapor pressure, a force balance 
yields the fol lowing relation for the 
vapor pressure in terms of the surface 
tension and hydrostatic head: 

2y 
= — + pgh 

(1) 

Along the sides of the conical cavity 
a similar expression is found for pv as a 
function of depth x, and local radius rs, 
as shown by: 

(2) 
Pv = Pgx + 

rx cos 6 
For very deep and narrow welds, cos 

0 is nearly unity so that equation (2) 

reduces to the fo l lowing: 

Pv = Pgx + - (3) 
La 

Comparing equations (1) and (3) 
shows that the force component due 
to surface tension at the cavity bottom 
is twice that at the cavity side walls. 
Therefore, a greater vapor pressure at 
the cavity bottom is required to main
tain equil ibrium. 

Calculations of Forces in Cavities 

The experimental measurements in
dicated that a temperature variation 
exists in the cavity as shown in Figs. 3 
and 4. Because of this variation, it can 
be expected that the vapor pressure of 
the liquid wil l also vary along the 
cavity wall. At the cavity base the 
vapor pressure should be in equil ib
rium with the liquid at its maximum 
temperature. The vapor pressure from 
near the cavity base to the top opening 
may not be exactly in equi l ibr ium wi th 
the liquid surface because of mass 
f low out of the cavity. However, it is 
reasonable to assume that the l iquid 
surface conditions are close to equi l ib
rium at any location in the cavity. 
Therefore, the temperature distr ibu
tion in the cavity is indicative of the 
local pressure. 

From the peak temperatures mea
sured at the cavity base during welding 
one can determine the corresponding 
vapor pressure from available data." 
For 1100 aluminum, the maximum 
temperature measured at the cavity 
base was about 1900 C (3452 F) for 
which the corresponding vapor pres
sure is 27 torr (3600 Pa). For a shallow 
aluminum weld wi th a depth of pene
tration equal to 2 mm (0.079 in.), a 
cavity base radius of 0.5 mm (0.02 in.) 

Solidified - Molten 
metal \ metal 

Electron beam Fig. 1—Representative cavity cross-section parallel to weld 
showing forces acting during welding 

Unmelted 
metal 

Fy — Vapor pressure force 

Fs — Surface tension force 

FH — Hydrostatic force 
Fig. 2—Forces acting on the liquid surface at the spherical cavity 
bottom 
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Fig. 3—Approximated cavity shape duting welding and typical measured 
cavity temperature profile for 7075 aluminum 
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Fig. 4—Approximated cavity shape during welding and typi 
cal measured cavity profile for 20-6-9 steel alloy 

was es t ima ted f r o m a p o s t w e l d m a c r o -
sec t ion . 

T h e measured cav i ty t e m p e r a t u r e 
d i s t r i b u t i o n a l l o w e d an a p p r o p r i a t e 
va lue to be used for l i q u i d sur face 
tens ion in e q u a t i o n (1). A t t he base o f 
the cav i ty it was f o u n d that t h e vapor 
pressure is s l igh t l y larger t h a n t h e pres
sures d u e to t he sur face t ens ion 
cons t r i c t i on and the l i q u i d hyd ros ta t i c 
head t e n d i n g to f i l l t h e cav i ty . A l o n g 
the cav i ty wa l l s e q u a t i o n (3) must be 
used to ca lcu la te t h e m a g n i t u d e of t h e 
forces. 

A s s u m i n g the cav i ty shape d u r i n g 
w e l d i n g to be s imi lar t o tha t d e f i n e d 
by t h e f u s i o n l i ne in a t ransverse w e l d 
sec t ion taken af ter w e l d i n g , a l l ows the 
t empe ra tu re measu remen ts t o be re
la ted to l oca t i ons in t he cav i ty . Va lues 

w e r e t h e n ca l cu la ted fo r t he sur face 
tens ion and the local me ta l vapo r pres
sure in t h e cav i t y as a f u n c t i o n o f 
t e m p e r a t u r e and thus p o s i t i o n . These 
values are o n l y a p p r o x i m a t e , s ince t h e 
actual cav i ty d i m e n s i o n s d u r i n g w e l d 
ing are no t k n o w n . This imp l i es tha t 
there is some unce r ta i n t y assoc ia ted 
w i t h the exact l oca t i on in t h e cav i t y t o 
w h i c h t he measured t e m p e r a t u r e is 
assigned. 

The m a g n i t u d e o f t h e fo rce d u e to 
t he l i q u i d hydros ta t i c head is suf f i 
c i en t l y smal l such that it can be 
neg lec ted . Equa t i on (3) t h e n reduces 
to a c o m p a r i s o n b e t w e e n t h e vapor 
pressure a n d t h e sur face t e n s i o n pres
sure, d e f i n e d as y / r . 

Us ing the t e m p e r a t u r e measured in 
a cav i ty as a f u n c t i o n o f p o s i t i o n , 

values can be es t ima ted for t he vapo r 
pressure and the surface t ens ion pres
sure as a f u n c t i o n o f cav i t y d e p t h . 
Results for a sha l l ow 1100 a l u m i n u m 
w e l d 1 0 are s h o w n in Fig. 5. The cav i ty 
shape and the t e m p e r a t u r e va r ia t i on 
fo r a deepe r p e n e t r a t i o n w e l d " are 
s h o w n in Fig. 6. These va lues w e r e 
used t o d e t e r m i n e va lues fo r the vapo r 
pressure and sur face t ens ion f o r ce , y / r , 
as a f u n c t i o n o f cav i t y d e p t h . The 
results fo r th is deeper a l u m i n u m w e l d 
are p resen ted in Fig. 7. 

C o m p a r i n g t h e results o f the sha l 
l o w w e l d w i t h those f r o m t h e deeper 
w e l d ind icates that t he t e m p e r a t u r e , 
a n d c o n s e q u e n t l y t h e v a p o r pressure 
at the cavi ty b o t t o m fo r these a l u m i 
n u m w e l d s are t he same. H o w e v e r , t he 
surface tens ion pressure at t he b o t t o m 

2.0 
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bottom 
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Pressure, dynes/cm2 

Fig. 5—Calculated values for surface tension pressure and vapor 
pressure in an 1100 aluminum EB welding cavity as a function of 
cavity depth 

Fig. 7—Calculated values of surface tension pressure and vapor 
pressure in a 1100 aluminum EB welding cavity as a function of 

cavity depth 
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is greater for t he deeper w e l d , and the 
l oca t i on at w h i c h the sur face tens ion 
pressure is a p p r o x i m a t e l y equa l t o t h e 
vapor pressure occurs f u r t he r f r o m t h e 
b o t t o m . 

Alloy Effects on Cavity Forces 

Vapor Pressure. D u e to t he rap id 
rate of m e l t i n g and so l i d i f i ca t i on of 
mater ia l d u r i n g EB w e l d i n g , it is no t 
poss ib le fo r a state o f e q u i l i b r i u m to 
exist b e t w e e n t h e v a p o r a n d l i q u i d 
w i t h al loys. In v i e w o f th is t h e c o m p o 
s i t ion o f t he vapor j e t t i n g o u t o f t h e 
cav i ty d u r i n g w e l d i n g was measu red . ' " 
Da l ton ' s law was t h e n used to es t i 
mate t he to ta l cav i ty vapo r pressure o f 
t h e a l loy as a f u n c t i o n o f t e m p e r a t u r e 
based o n t h e sum of par t ia l pressures 
of each e l e m e n t at a pa r t i cu la r t e m p e r 
ature. 

This p r o c e d u r e was used t o de te r 
m i n e the steel a l loy vapo r pressure-
t e m p e r a t u r e re la t i onsh ip . A c o m p l e t e 
ly d i f fe ren t app roach was requ i red fo r 
t he h igh l y vo la t i l e a l u m i n u m . " ' 

Surface Tension. T h e o t h e r u n 
k n o w n fac to r fo r a l loys is t h e ac tua l 
va lue o f the surface t e n s i o n . Surface 
tens ion values o f a l loys are genera l l y 
no t ava i lab le . N o data w e r e f o u n d fo r 
t he mater ia ls inves t iga ted in th is s tudy. 
The re fo re , it was assumed that t he 
t empe ra tu re d e p e n d e n c e was that o f 
t he ma jo r e l e m e n t . A l so , it was 

assumed that the ac tua l va lue o f 
surface tens ion was that o f t h e m a j o r 
e lemen t , a l t h o u g h it was r e c o g n i z e d 
that t he va lue c o u l d be m u c h l o w e r for 
par t icu lar a l loys. 

The unce r ta i n t y o f t he sur face 
tens ion va lue w i l l n o t be so great fo r 
those e lemen ts w h i c h c o n t a i n e le 
ments w h o s e sur face tens ion va lues 
are s imi lar ; h o w e v e r , s o m e u n c e r t a i n 
t ies st i l l exist f o r a l loys hav ing 
e lements w i t h great ly d i f f e ren t sur face 
tens ion values. For these par t i cu la r 
a l loys it is no t poss ib le t o p red i c t 
accurate ly t he l oca t i on at w h i c h t h e 
l i qu id p r o j e c t i o n f o rms in t h e w e l d i n g 
cavi ty . 

W i t h vapor pressure and sur face 
tens ion values eva lua ted as just d e 
scr ibed , t h e same m e t h o d s used fo r 
ca l cu la t i ng t h e cav i ty fo rces in a pu re 
mater ia l w e r e used fo r a l loys. As an 
examp le , cons ide r a test w e l d in Type 
304 stainless steel fo r w h i c h t h e w e l d 
ing c o n d i t i o n s w e r e 15 kV, 140 m A 
w i t h a w e l d i n g speed of 21.2 m m / s (50 
i pm) y i e l d i n g an average w e l d d e p t h 
o f 3.5 m m (0.14 in.) . The t e m p e r a t u r e 
d i s t r i b u t i o n in this cav i ty was mea 
sured d u r i n g w e l d i n g , a l l o w i n g the 
surface tens ion pressure tha t is c o n 
s t r i c t ing t he cav i ty t o be ca l cu la ted 
f r o m e q u a t i o n s (1) and (3) . Surface 
tens ion data for i r o n ' - w e r e used to 
d e t e r m i n e t h e surface t e n s i o n t e m p e r 
a tu re d e p e n d e n c e fo r al l t he steel 

a l loys. The vapo r pressure va r i a t i on (as 
descr ibed above) fo r T y p e 304 stainless 
steel1 0 was c o m b i n e d w i t h t h e cav i t y 
t e m p e r a t u r e d i s t r i b u t i o n to a l l o w t h e 
vapor pressure to be es tab l i shed as a 
f u n c t i o n o f d e p t h . 

The vapor pressure a n d the sur face 
tens ion pressure t hus d e t e r m i n e d as a 
f u n c t i o n o f cav i ty d e p t h are p l o t t e d in 
Fig. 8. The surface t ens ion is a p p r o x i 
ma te ly equa l t o t h e v a p o r pressure 
force at 0.95 m m f r o m the cav i ty 
b o t t o m . This is t he l oca t i on at w h i c h a 
l i q u i d p r o j e c t i o n is p o s t u l a t e d t o 
f o r m . 

Cavity Dynamics. The cav i t y forces 
ca l cu la ted fo r the p rev ious w e l d s i n d i 
cate that a p o s i t i o n exists in t he cav i t y 
at w h i c h t he vapor pressure is greater 
than the surface t ens ion pres
su re -F igs . 5, 7, and 8. Th is is ce r ta in l y 
t he case f r o m t h e cav i t y b o t t o m u p t o 
the cross-over p o i n t o f the t w o 
forces. 

The forces w e r e s h o w n t o be 
c o m p a r a b l e , bu t t he sur face t ens ion 
pressure is su f f i c ien t l y greater t h a n t h e 
vapor pressure to a l l o w m o l t e n l i q u i d 
b e h i n d the sur face to f l o w d o w n w a r d 
and o u t i n t o t h e cav i t y at t he l o c a t i o n 
w h e r e t he vapor pressure beg ins t o 
d o m i n a t e . It is be l i eved that th is l i q u i d 
mater ia l p r o j e c t i o n f o r m s p e r i o d i c a l l y 
and moves i n t o t he pa th o f the e lec 
t ron beam. The result is tha t t he l i q u i d 
in th is p r o j e c t i o n is t h e n d r i v e n 
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Fig. 8—Calculated values of surface tension pressure and vapor pressure 
in a Type 304 stainless steel EB welding cavity as a function of cavity 
depth 
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Table 1-Value of c to Use in Equation (4) 
for Materials Investigated 

EJectron beam 

Material 

Aluminum 
Steels 
Tantalum 

c, mm' 

3.5 
5. 
1.5 

' "1 in. = 25.4 mm. 

towards the bottom by the vapor 
recoil force partially f i l l ing the cavity. 
This action is fol lowed by the electron 
beam pushing the liquid aside to form 
a maximum depth cavity. This process 
is then repeated. 

When the cavity bottom is partially 
fi l led, the liquid metal has already 
been heated to a high temperature. 
The EB should be able to bore through 
this "super-heated" l iquid very easily 
and encounter unmelted base metal 
that has been heated by conduction 
from the pool of hot molten l iquid. 
When the EB impinges upon this base 
metal, it is possible that the beam 
could bore to a slightly greater depth 
than normal (because the metal has 
been preheated more than usual) and 
thus cause a spike. Instability of pene
tration or the spiking phenomenon 
could be associated wi th the forma
tion of these l iquid projections, their 
movement toward the weld root by 
the vapor reaction, and the conse
quent reopening of the cavity bot
tom. 

Prediction of Spiking Tendency 

One of the major problems asso
ciated with E B welding is the tendency 
for spiking to occur. A correct model 
should be capable of indicating 
whether this wi l l happen. The applica
tion of the information obtained in 
this study allowed a procedure for 
predicting the spiking tendency to be 
developed. A stability parameter is 
defined that provides a means of eval
uating whether a specified set of weld 
parameters wil l produce spiking and 
provides a quantitative measure of the 
spiking magnitude. This is based on an 
important characteristic of the mea
sured temperature distr ibution, which 
wil l be described first. 

Dimensionless Temperature Profile. 
Many cavity temperature measure
ments were obtained.5 After preparing 
plots of these temperatures versus 
cavity position, the fol lowing observa
tion was noted: Starting from the 
bottom and proceeding for fractional 
equivalent distances toward the top, 
the temperature along the side of a 
shallow cavity decreased more rapidly 
than the temperature along the side of 
a deep cavity. In other words, the 
temperature along the lower walls of a 
deep cavity remained at a level closer 

Downward 
metal f l ow 

Liquid 
projection 

Force 
balance 
location 

Fig. 10—Liquid projection formation at location where surface tension force is 
nearly in balance with vapor pressure force 

to the peak temperature than those in 
a shallow cavity of the same material. 
Information was generalized in the 
form of dimensionless temperature 
and cavity location. Representative 
temperature profiles are shown in 
Fig. 9. 

Observation of the dimensionless 
curves suggests that, as the penetra
t ion depth increases, there is a definite 
change in the shape of the tempera
ture profile. Looking at the profiles for 
the steels in particular, the shape 
changes from concave upwards to 
concave downwards wi th increasing 
weld penetration. Although not as 
dramatic, the aluminum group dis
plays the same behavior as penetration 
depth increases. Because of the consis
tency of this observed trend, an 
attempt was made to describe these 
curves wi th a simple functional rela
t ion. This would allow temperature 
profiles to be estimated for any test 
material. The fol lowing expression was 
found to be successful: 

-Mr) (4) 

After observing many weld root 
sections it was noted for a specific 
material that, as penetration depth 
increases from a shallow to a deep 
weld, the root Jine changes from a 
relatively smooth line to a more wavy 
line. If the depth at which this transi
tion occurs is used to define c, then it 
was discovered that P could be repre
sented as the ratio c /h . 

This interpretation has physical sig
nificance and allows equation (4) to 
be both material and machine depen
dent, as well as dependent on penetra
tion depth. 

Table 1 lists recommended applica
ble values for the materials considered 
in this study. By using equation (4), it is 
possible to generate representative 
temperature profiles in aluminum, 
steel, or tantalum weld cavities for a 
variety of weld penetration depths. 

Stability Parameter. Some investiga
tors7 '3 have suggested that spiking is 
associated with the near closure (at 
the cavity top) of a stable cavity. The 
spike occurs when the cavity remains 
in a stable configuration for an 
extended period such that the beam 
continues to penetrate deeper wi th no 
interruptions. Normally, the beam is 
thought to be interrupted at regular 
intervals by the liquid material projec
tion in the cavity region as described 
previously. 

It is logical to assume that these 
interruptions may occur at the cavity 
location where the surface tension and 
vapor pressure forces are nearly in 
balance and result in the formation of 
a l iquid metal projection as shown in 
Fig. 10. If this happens, it can be 
argued that when the l iquid projection 
forms near the cavity bot tom, the 
magnitude of a potential spike is very 
small since the cavity shape wi th the 
projected liquid is essentially identical 
to the "stable" cavity shape. However, 
if the liquid projection forms near the 
top of the cavity, the shape of the 
cavity containing the l iquid material 
projection wil l be greatly different 
than the stable cavity shape (i.e., the 
projection wi l l fill more of the cavity 
cross-section). It is possible that a 
spike of large magnitude could devel
op under these conditions. 

The above reasoning suggests that 
the ratio of the height H (between the 
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cavity bottom and where the l iquid 
projection forms) to the penetration 
depth h may be an important parame
ter. When this ratio is small, the 
magnitude of spiking is also small and 
a stable weld should result. However, 
when the ratio is extremely large, say 
near 1.0, then large spikes or an unsta
ble weld may be the result. Hence it is 
proposed to call this ratio, S, the stabil
ity parameter: 

h 
(5) 

The procedure for calculating forces 
in the cavities was used to determine 
the value of H, for at least one weld 
condit ion for each material welded 
except for the aluminum alloys. When 
S was 0.3 or less, it was noted that no 
spiking results. When S was in the 
vicinity of 0.5, some spiking was 
evident. However, when S was 0.8, 
spiking was very severe and resulted in 
an unacceptable weld. It is, therefore, 
proposed that spiking wi l l not be a 
problem for welds having a value of S 
less than 0.5. Consequently, when S is 
greater than 0.5 the weld may be 
expected to exhibit unacceptable spik
ing. 

The observed difference in the 
temperature distribution as a function 
of weld depth combined wi th experi
mental correlation of detrimental spik
ing with a large value of S led to the 
possibility of predicting when spiking 
may be unacceptable. Estimating a 
weld depth using the procedure indi
cated by Tong and Giedt2 for a given 
set of weld parameters allows the cavi
ty temperature distribution to be 
determined when using equation (4). 
Once the temperature is known, the 
cavity forces can be calculated and the 
location determined at which the 
liquid projection forms. Finally, the 
stability parameter can then be esti
mated for this particular weld condi
t ion. 

Briefly, the procedure consists of the 
fol lowing steps: 

0.02 0.1 1 

El/Ur, k j /mm2 

Fig. 11-Stability parameter 

1. Determine the penetration 
depth, h, for a selected set of weld 
parameters using a method available 
in the literature.-

2. Determine the cavity tempera
ture from the dimensionless cavity 
temperature curves. 

3. Approximate the cavity shape to 
that of a cone wi th a spherical 
bottom. 

4. Determine the variation of the 
surface tension and vapor pressure 
forces in the cavity uti l izing the cavity 
temperature distribution. 

5. Determine the location of the 
liquid material projection, H, in rela
tion to the cavity bot tom. 

6. Calculate a stability parameter, S, 
as H/h. 

The stability parameter was calcu
lated for welds in this study as well as 
some selected from the literature for 
which the required information was 
available. The results are shown in 
Table 2. In all cases, the stability 
parameter, as determined using the 
above described general method, was 
greater than 0.5 for welds exhibiting 
unacceptable spiking and less than 0.5 
for those welds wi th little or no spik
ing. 

The value of the above development 
is that it makes it possible to deter

mine whether a selected set of weld 
parameters may result in a weld wi th 
excessive spiking. First, the penetra
tion depth and beam power are speci
fied then the product of the welding 
speed and base radius, Ur, can be 
determined.- Next, the ratio El/Ur is 
computed and the corresponding val
ue for the stability parameter is deter
mined from Fig. 11. If S is greater than 
0.5 spiking becomes more of a prob
lem than if it is less than 0.5. After a 
few simple iterations, a set of weld 
parameters can be chosen that wi l l 
result in a weld wi th a low probabil i ty 
of severe spiking. All of this can be 
done without performing a single test 
weld. 

Conclus ions 

On a dimensionless basis the shape 
of the temperature distributions in an 
EB weld cavity changes uniquely wi th 
depth of penetration. The dimension
less distribution can be described by a 
simple functional relation which in
cludes a material dependent factor. 

Based on measured temperature 
distributions in an EB weld cavity, it is 
concluded that vapor pressure forces 
are less than surface tension forces in 
the upper cavity region and greater in 

Table 2—Calculated Stability Parameter for Experimental Weld Conditions 

Material 

1100 Al 
1100 Al 
1100 Al 
7075 Al 
7075 Al 
SS 304 
SS 304 
SS 304 
20-6-9 Steel 
20-6-9 Steel 
Uranium* 
Uranium' 
Tantalum 

(beam Voltage), 
kV 

12.9 
17 
31 
13 
17 
15 
18 
32 
18 
15 

110 
110 

17 

(beam Current), 
mA 

152 
160 
140 
120 
155 
140 
168 
155 
175 
135 

15 
24 

240 

Weld speed, 
mm/sec 

4.4 
8.4 
8. 
4.2 

21.1 
21.1 
25.4 
5. 

12. 
11. 
12.7 
12.7 
8.9 

(bot tom radius), 
mm 

0.6 
1. 
0.5 
0.55 
0.5 
0.4 
0.4 
0.5 
0.45 
0.4 
0.9 
0.6 
0.84 

El/Ur, 
k j /mm-

0.44 
0.32 
1.08 
0.68 
0.25 
0.25 
0.30 
1.98 
0.58 
0.46 
0.15 
0.34 
0.54 

(stability 
parameter) 

0.34 
0.22 
0.62 
0.88 
0.60 
0.30 
0.35 
0.88 
0.90 
0.83 
0.30 
0.56 
0.42 

Weld root 
comments 

No spiking 
No spiking 
Small spiking 
Some large spikes 
Spiking 
No spiking 
No spiking 
Some spiking 
Large spikes 
Large spikes 
No spiking 
Spiking 
No spiking 
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the l owe r cav i t y reg ion . The l o c a t i o n at 
w h i c h t hey are a p p r o x i m a t e l y e q u i v a 
lent is p o s t u l a t e d to be a reg ion o f 
ins tab i l i t y w h e r e a l i q u i d p r o j e c t i o n 
can f o r m . 

T h e cav i ty l o c a t i o n at w h i c h t h e 
l i q u i d p r o j e c t i o n f o rms was s h o w n to 
be re la ted to the sp i k i ng t endency . A 
genera l m e t h o d is p resen ted tha t 
enables t h e s tab i l i t y pa ramete r to be 
ca lcu la ted fo r spec i f ied w e l d p a r a m e 
ters. This a l l ows a d e t e r m i n a t i o n to be 
made as to w h e t h e r a set o f w e l d 
parameters may lead to a c o n d i t i o n 
e x h i b i t i n g severe sp i k ing . 
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A p p e n d i x : N o m e n c l a t u r e 

c—Weld d e p t h at w h i c h w e l d roo t 
area changes f r o m a re la t ive ly 
s m o o t h to a m o r e w a v y l ine . 

E —Beam vo l tage . 
h—Weld p e n e t r a t i o n d e p t h . 
H - D i s t a n c e b e t w e e n fo rce ba lance 

and cav i ty b o t t o m . 
I - B e a m cur ren t . 
p—Vapor pressure. 
P—Exponent, c / h . 
r—Cavity base radius o f cu rva tu re . 
S—Stability parameter , H / h . 

T.j—Peak t e m p e r a t u r e at cav i ty b o t 
t o m . 

T T —Tempera ture at cav i ty t o p , ap 
p rox ima te l y me l t t e m p e r a t u r e . 

U—Weld ing speed. 
x—Vert ical p o s i t i o n in cav i ty m e a 

sured f r o m top . 
y—Surface t ens i on . 
0—Cone ang le ; d imens ion less cav i ty 

t empera tu re . 
p—Liqu id me ta l dens i ty . 
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(1) Improved Repeatability in Ultrasonic Examination 

by A. S. Birks and W . E. Lawr ie 

This paper descr ibes the eva lua t ion of search un i t s used to c o n d u c t a r o u n d rob in u l t rason ic e x a m i n a t i o n of 
welds by the Pressure Vessel Research C o m m i t t e e ' s S u b c o m m i t t e e o n Nondes t ruc t i ve Exam ina t i on of Mater ia ls 
for Pressure C o m p o n e n t s . The r o u n d rob in was i n tended to eva lua te the e f fec t iveness of u l t rason ic e x a m i n a t i o n 
of heavy sect ion welds . 

(2) Ultrasonic Testing System Standardization Requirements 

A task g roup w i t h i n the PVRC Mater ia ls Div is ion S u b c o m m i t t e e on NDE was es tab l ished fo r the purpose of 
p repar ing u l t rason ic sys tem s tanda rds . As a resul t of the task g r o u p e f fo r ts a p rocedure was developed wh ich is 
deta i led here in . 

Pub l ica t ion of th i s bu l le t in was sponsored by the Pressure Vessel Research C o m m i t t e e of the We ld ing Research 
Counc i l . 
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